Slow degradation of sewage sludge is a disadvantage of anaerobic digestion leading to high sludge retention times in conventional digesters. Hydrolysis has been pointed as the rate limiting step in this process. Thermophilic anaerobic digestion has been proved effectively to reduce the retention time needed for sludge stabilization. Sludge pretreatment has been also proposed as a strategy to accelerate the hydrolytic step. The effectiveness of high and low temperature thermal pretreatment, ultrasonic and microwave pretreatments in secondary sludge disintegration has been studied by means of the increment in filterable volatile solids to total volatile solids ratio (FVS/TVS) respect to untreated sludge. Increments in this parameter ranging from 3 fold for microwave treatment to 9 fold for high temperature thermal treatment have been obtained. Biogas production under thermophilic (55ºC) conditions for treated and untreated secondary sludge has also been evaluated. In spite of the values of FVS/TVS ratio obtained for all the treatments studied, no differences in biogas production were observed when high temperature thermal treatment, ultrasonic and microwave treatments are compared with untreated sludge. A 50% increment in biogas production was observed for low temperature (70ºC) thermally treated sludge. This type of treatment has been pointed as a predigestion step enhancing biological activity of some thermophilic hydrolytic bacteria.
INTRODUCTION
Anaerobic digestion is a sludge treatment process used in many municipal wastewater treatment plants (MWWTP) to stabilize organic matter. Mass reduction, methane production and, improved dewatering properties of the treated sludge are the main features of the process [1] . Slow degradation of sewage sludge is a disadvantage of anaerobic digestion leading to a retention time in conventional digesters of about 20 days. This fact implies significant space requirements and the construction of large equipment in MWWTP. Anaerobic digestion may be carried out under mesophilic and thermophilic conditions. In general, mesophilic anaerobic digestion of sewage sludge is more widely used compared to thermophilic digestion, mainly because of the lower energy requirements and higher stability of the process [2] . On the other hand, thermophilic anaerobic digestion provides sludge hygienization, increases methane production and reduces the retention time needed for sludge treatment [3] .
Anaerobic digestion process follows four major steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis. Hydrolysis is the rate limiting step of the overall process in the case of sludge degradation [2] . During hydrolysis both solubilization of particulate matter and biological decomposition of organic polymers to monomers or dimers take place. Thermal, chemical, biological and mechanical processes as well as different combinations of them have been studied as possible pretreatments to accelerate sludge hydrolysis [4] [5] [6] . These pretreatments cause the lysis or disintegration of sludge cells permitting the release of intracellular matter that becomes more accessible to anaerobic microorganisms. This fact improves the overall digestion process velocity and the degree of sludge degradation thus reducing anaerobic digester retention time and increasing methane production rates [7, 8] .
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Efficiency of the pretreatments is commonly evaluated by means of chemical parameters (increment in soluble chemical oxygen demand (SCOD), increment in soluble protein concentration (SPC) and increment in filterable volatile solids concentration (FVS)) and biogas production [9] [10] [11] . Biogas production tests (BPT) are commonly undertaken under mesophilic conditions because as mentioned above, anaerobic digestion is mostly applied under mesophilic conditions. Thus, there is a lack of knowledge on the effect of sludge pretreatments on thermophilic anaerobic digestion.
Few references have been found on the effect of sludge pretreatment on biogas production. Stuckey and McCarty [12] reported the results of BPT under mesophilic (35ºC) and thermophilic (55ºC) conditions for untreated and thermally treated (175-275ºC) sludge. The authors found significantly higher biogas production under mesophilic conditions for both types of sludge and a slight increment in biogas production under thermophilic conditions if untreated and treated sludge at 175-200ºC are compared. They argue that different rates of reaction in the two temperature regimes explain their results.
Thermal pretreatment has been studied using a wide range of temperatures ranging from 60 to 270ºC. Temperatures over 200ºC have been found responsible for refractory compound formation [7, 12] . The most common treatment temperatures are between 60 and 180ºC. Treatments applied at temperatures under 100ºC are considered as low temperature thermal treatments [2] .
In high temperature thermal treatments, treatment time appeared to have less effect compared to that of temperature, with common values in the range 30-60 min [13] . Hight temperature treatments are usually applied to sludge by heat exchangers or by steam injection [7] . Valo et al. [13] reported increments in SCOD of around 25 % 5 and 60 % after thermal treatment of secondary sludge at 130ºC and 170ºC respectively. These authors also evaluated the biogas production of the thermally treated sludge in batch tests at mesophilic temperatures and observed increments of 21% and 45 % in biogas production respectively compared to untreated sludge. The most significant drawback of this treatment is the high requirement of energy that it involves. Some authors have pointed out that the energetic expense can be balanced due to the increment in sludge biodegradability and to the use of sludge residual heat in the maintaintenance of digester temperature [11] .
Low temperature thermal treatment has been pointed out as an effective treatment for increasing biogas production from both primary and secondary sludge [14] .
However, few references are found in the literature although this treatment implies lower energy consumption. Some authors have concluded that thermal treatment applied at temperatures around 70ºC enhance biological activity of some thermophilic bacteria population with optimum activity temperatures in the high values of the thermophilic range [15] . Thus, low temperature thermal treatment may be considered as a predigestion step.
Mechanical sludge disintegration methods are generally based on the disruption of microbial cell walls by shear stresses. Stirred ball mills, high pressure homogenisers and mechanical jet smash techniques have been used for mechanical treatment application although the most used technique is sludge sonication [5, 7] . Sonication is a combination of different phenomena: chemical reactions using radicals, pyrolysis, combustion and shearing. In fact, both ultrasonic vibration and bulk temperature rise contribute to the treatment efficiency [16] . Mechanisms of the ultrasonic process are influenced by three factors: supplied energy, ultrasonic frequency and nature of the treated material. It has 6 been shown that degradation of excess sludge is more efficient using low frequencies [8] . Ultrasonic treatment of secondary sludge has been studied by different authors using SCOD increment. Values ranging from 10 to 90% of increment were observed when the specific energy applied increased from 1,000 to 100,000 kJ kg TS -1 (kg of total solids in the sludge) [8, 17, 18 ]. An increment in biogas production of around 40%
(batch mode, 37ºC) was found for sludge pretreated at 14,000 kJ kg TS -1 while no difference in biogas production was observed when pretreated sludge at 1,000 kJ kg TS -1 was compared to untreated sludge [8] .
In addition to thermal and mechanical treatments widely reported, the use of microwaves appears as an alternative treatment for sludge disintegration. Microwaves are an electromagnetic radiation with an oscillation frequency of 0.3 to 300 GHz which causes both heat generation and changes in secondary and tertiary structure of proteins of microorganisms. Although microwave irradiation has been reported as a fast method for cell lysis, its application as a sludge pretreatment process in anaerobic digestion is scarcely mentioned [19, 20] . Park et al. [20] studied the degree of sludge disintegration by microwave treatment by means of SCOD/COD ratio reporting an increment in a factor of 8.5 at microwave irradiation energy of 600 kJ L -1 .
The objective of this work is to study the efficiency of high and low temperature thermal pretreatment, ultrasound pretreatment and microwave pretreatment in sludge disintegration. The effect of pretreatment is studied and compared using in all tests secondary sludge from the same MWWTP. The efficiency of the different processes is evaluated and compared by means of a chemical parameter, filterable to total volatile solids ratio (FVS/TVS), and the biogas production of pretreated sludge under thermophilic (55ºC) conditions.
7
Influence of temperature and contact time in the efficiency of high temperature thermal treatment has also been systematically studied using the experimental design technique.
MATERIALS AND METHODS

Sludge
Secondary sludge from a biological MWWTP sited in La Llagosta (Barcelona, Spain) was used in the study. After collection, sludge was stored at 4ºC until its utilization 
Disintegration evaluation
The increment in the Filterable Volatile Solids: Total Volatile Solids ratio (FVS/TVS) has been chosen as the chemical parameter to evaluate the degree of disintegration of pretreated sludge. This increment is expressed as a percentage following equation 1.
where (FVS/TVS) t and (FVS/TVS) u are the filterable volatile solids:total volatile solids ratio found in treated and untreated sludge respectively.
Pretreatment conditions
High temperature thermal treatment 
Low temperature thermal treatment
The temperature chosen to apply this treatment was 70ºC according to the work of Skiadas et al. [14] . Treatment time has been established in 9, 24, 48 and 72 hours.
Higher contact times were not considered because of the significant increase in the energy requirements that these values imply. 500 mL of sludge were poured in a beaker and placed in a thermostatic bath used to maintain the desired temperature. Sludge was mechanically agitated during treatment time to ensure temperature homogeneity of the sludge sample.
Ultrasonic treatment
An ultrasonic homogenizer LABSONIC 2000 -U (300 W, 20 kHz) was used. 0.08 L of sludge were placed in a 0.1 L plastic beaker. The beaker was placed in a cooling bath to minimize sludge temperature increment during the treatment. Treatment was done at constant power and different sonication times to provide different values of the specific energy from 1,000 to 100,000 kJ kg SS -1 . Specific energy (E s ) is defined as:
where P is the ultrasonic power (W), t is the sonication time (s), V is the sample volume (L) and SS is the concentration of suspended solids in the sludge sample (kg L -1 ).
Microwave treatment
A domestic microwave oven, SHARP R-234 (800 W, 2450 MHz), was used for sludge disintegration. 0.5 L of sludge were placed in a 1 L Pyrex beaker partially covered to avoid sludge losses caused by hot spot formation. Experiments were performed at 800
and 400 W and at increasing times for each power value till sludge boiling (from 180 to 300 s at 800 W and from 240 to 600 s at 400 W). Values for E s applied in each experiment were calculated with the data proposed.
Analytical methods
All the analysis were performed in triplicate. TS and TVS of sludge samples were determined before and after treatment according to Standard Methods [22] . Other sludge samples (before and after treatment) were centrifuged (7000 rpm, 25 min) and filtered (glass microfiber filters, Albet FV-C 47 mm; 1.2 µm pore). The filtrate obtained was used to determine TFS and FVS (Standard Methods).
Volatile Fatty Acids (VFA) concentration was determined by gas chromatography (Perkin-Elmer AutoSystem XL Gas Chromatograph) with a flame ionization detector (FID) and a column HP Innowax 30 m x 0.25 mm x 0.25 µm.
Biogas production tests
Biogas production tests (BPT) were performed in batch mode under thermophilic conditions (55ºC) using 0.3 L bottles (SIGG  ) placed in a P Selecta incubator. The bottles were modified in order to guarantee hermetic conditions and to allow inside pressure to be easily measured at different times by means of a SMC Pressure Switch manometer (1.02 bar) [23] . 50 g of sludge were placed in a bottle where 100 g of thermophilic anaerobic sludge were added as inoculum. Differences in biogas production were evaluated comparing the biogas production from treated and untreated sludge samples. Tests were done in triplicate. Three bottles containing only inoculum were used as a blank test. Biogas production was evaluated daily until biogas production was negligible (32 days). Values of biogas production reported are net values i.e. volume of biogas obtained from treated or untreated sludge minus volume of biogas produced by the inoculum.
Initial biogas production rate (L d -1 ) was calculated as the slope of the straight line fitting the values of biogas produced during the initial 10 days of the test.
RESULTS AND DISCUSSION
High temperature thermal treatment
The effect of thermal treatment on sludge disintegration was first studied on the increment in the FVS/TVS ratio and then on the biogas production. An experimental design technique was applied. Two factors (time and temperature) and three levels for each factor were considered. Nine experiments were necessary to cover the experimental domain. Replicates of the central point were also done. Values of the response variable (FVS/TVS ratio) and factor levels (normalized values in parenthesis)
are summarized in Table 1 .
As can be seen in Table 1 , thermal treatment had a positive effect in sludge disintegration under all the conditions assayed, leading to significant increments in FVS/TVS ratio.
Values in Table 1 The polynomial expression obtained for FVS/TVS ratio was used to determine the optimal conditions for the thermal treatment of secondary sludge by means of an optimization program based on a quasi-Newton method. These conditions were established as 134ºC and 90 min which correspond to the maximum values for temperature and time that can be reached with the autoclave used. However, it should be noticed that these optimal conditions imply a significant consumption of energy. Tanaka et al. [24] determine that temperatures within 115 and 150ºC applied for 1 hour to wastewater sludge lead to a 15% increment in sludge solubilization (measured as COD).
No differences in this temperature range where observed. A temperature of 180ºC was necessary to reach solubilization values around 30%.
sludge thermally pretreated under optimal conditions. Final biogas production (volume) and initial biogas production rate were determined and are summarised in Table 2 . No significant differences were observed between the values obtained for the two parameters when evaluated for treated and untreated sludge.
Low temperature thermal treatment
Thermal treatment was also applied to secondary sludge at 70ºC during 9, 24, 48 and 72
h. As stated in the introduction, low temperature thermal treatment has been pointed as a predigestion step, enhancing the biological activity of some hydrolytic bacteria [15] .
For this reason, in addition to the value of the % increment in FVS/TVS ratio, the concentration of VFA in the sludge after treatment time was also evaluated. Results for these two parameters, the production of biogas (L) and the initial rate of biogas production (L d -1 ) are summarised in Table 3 for the four treatment times tested. Values are also reported for untreated sludge to allow comparison.
As can be seen in Table 3 , for all times tested low temperature thermal treatment increased both FVS/TVS ratio and VFA concentration. Values obtained for the FVS/TVS ratio are very similar for the sludge treated during 9, 24 and 48 h, being the value for 24 h slightly higher than the others. FVS/TVS ratio at 72 h of treatment was clearly lower. The same tendency is observed for biogas production. Significant increments in this parameter are observed when untreated sludge is compared to treated sludge at 9, 24 and 48 h, the highest difference observed for sludge treated during 9 h (174 mL). Biogas production for sludge treated for the longest time for sludge pretreated for 72 h. We hypothesize that this VFA concentration may be inhibiting microbial activity to some extent leading to a lower production of biogas (no values of inhibitory VFA concentration values under thermophilic conditions were found in the literature).
No differences were observed between the values calculated for the initial biogas production rate.
Thus, best conditions for the application of low temperature thermal treatment were established at 9 h since it produced the highest biogas production and implied the lowest consumption of energy. However, it should be bear in mind that best conditions for continuous operation should be evaluated and will depend on the capacity of the anaerobic reactor for inflow VFA degradation.
Ultrasonic treatment
As in thermal treatment, the effect of ultrasounds on secondary sludge was studied in terms of FVS/TVS ratio. The same ultrasonic power (300 W) was applied to different sludge samples with same volume and suspended solids concentration (0.08 L and 37 g L -1 , respectively) at varying treatment times (from 10 to 987 s) to reach specific energy values covering 1,000-100,000 kJ kg SS -1 range. A minimum specific energy of 1,000 kJ kg TS -1 was considered since it had been reported that this is the minimal energy necessary to break sludge cells while sludge flocs size was reduced at lower specific energies [8] .
Results of ultrasonic treatment are shown in Figure 2 where the values of the increment in FVS/TVS ratio are presented for each value of the specific energy applied As a consequence of ultrasound action on the treated sludge, an increment in the temperature of the sludge under treatment is observed even if a cooling bath is used to avoid evaporation. A 60ºC maximum temperature increment was registered for the maximum E s value tested. Therefore, the effect of ultrasonic treatment may be considered as a joint effect of ultrasound itself and the raise in sludge temperature.
On the basis of these results, a specific energy of 40,000 kJ kg SS -1 was chosen as the optimal for ultrasonic treatment of secondary sludge. A 5 fold increment on FVS/TVS ratio was obtained under these conditions. A higher value was obtained at 100,000 kJ kg SS -1 , but the energy required is too high that does not justify the difference observed in FVS/TVS ratio value when compared to that obtained at 40,000 kJ kg SS -1 (60% of increment in the energy applied leads to 30% increment in FVS/TVS value). Other authors [16] found that a specific energy of 48,000 kJ/kg of total solids was necessary to achieve significant increments in the ratio soluble to total COD. Tiehm et al. [1] establish a treatment time of 64 s using a high performance ultrasound reactor (3.6 kW) as optimum value for a subsequent sludge digestion treatment. The parameters used were sludge disintegration, COD in sludge supernatant and biogas production.
Biogas production test was also undertaken for secondary sludge pretreated by ultrasounds under optimal conditions. Final biogas production (volume) and initial biogas production rate were determined and are summarised in Table 2 . As in the case of high temperature thermal treatment, no significant differences were observed between the values obtained for the two parameters when evaluated for treated and untreated sludge.
Microwave treatment
Microwave treatment was applied to secondary sludge under two fixed microwave power values (400 and 800 W) at different times to determine the specific energy that provokes sludge boiling. Treatment times slightly over 10 minutes at 400 W and 5 minutes at 800 W were enough for sludge boiling. Sludge samples with the same volume and suspended solids concentration (0.5 L and 37 g L -1 , respectively) were treated. Table 4 presents the values obtained for FVS/TVS ratio for the sludge treated at 400 and 800 W for each value of the specific energy applied (kJ kg SS -1 ). As it can be observed, a significant increment in FVS/TVS ratio values was obtained at all the specific energies applied. The higher the specific energy applied, the higher the increments. A slight difference is observed if the results obtained at the two microwave power values are compared for the same specific energy although this difference does not follow a clear trend (a lower value of FVS/TVS was obtained for microwave power of 800W at E s of 7,800 kJ kg SS -1 compared to 400W, while higher values were obtained for E s values of 10,400 and 13,000 kJ kg SS -1 .
The maximum specific energy that can be applied in the considered conditions without sludge boiling (13,000 kJ kg SS -1 ) has been considered as the optimal value for microwave treatment to be applied to secondary sludge. A microwave power of 400 W applied for 600 s (10 min) or 800 W for 300 s (5 min) is necessary to reach this specific energy.
As for ultrasonically pretreated sludge, a biogas production test was also undertaken for sludge treated by microwaves under conditions established as optimal for this treatment. The same result obtained for high temperature thermal treatment and ultrasonic treatment was reached: no significant differences were observed between the values of biogas production and initial production rate obtained for treated and untreated sludge (values in Table 2 ).
Comparison of the pretreatment processes studied
Optimal conditions chosen for each treatment and values of FVS/TVS, VFA concentration, biogas production and initial biogas production rate obtained under those conditions are summarized in Table 2 . As it can be seen, all treatments improve the values of FVS/TVS ratio. Maximum values obtained for microwave treatment are the lowest compared to ultrasonic and thermal treatments. It has to be considered that compared to ultrasonic treatment, less energy is applied in the case of microwave per kg SS. High temperature thermal treatment presents the best value for FVS/TVS ratio.
In reference to biogas production, only low temperature thermal treatment lead to an increment in the biogas volume obtained in comparison to untreated sludge. We hypothesize that thermophilic conditions itself may accelerate the hydrolytic step of sludge digestion concealing the possible effect of the majority of the pretreatments 19 applied. As suggested by other researchers, low temperature thermal treatment may be assimilated to a biological treatment enhancing the activity of thermophilic bacteria with the optimal activity around 70ºC, thus within the thermophilic range of operation [15] . On the other hand, the possible effect of anaerobic sludge acclimation to a sludge input of different characteristics as is pretreated sludge should be considered. Further work is being undertaken in this direction. A study on the effect of pretreated sludge on biogas production in a continuous pilot scale digester is now in progress.
As stated above, scarce references on the study of the effects of sludge pretreatments on biogas production in batch mode under thermophilic conditions have been found for comparison. Skiadas et al. [14] found significant differences in biogas production under thermophilic conditions after low temperature thermal pretreatment operating in continuous mode in comparison with untreated sludge. Under the same operating conditions, Gavala et al. [2] found no differences in methane production between treated and untreated sludge.
In reference in the increment in the concentration of VFA that the applied pretreatment provokes, no relationship has been found between this parameter, the increment in FVS/TVS and biogas production. As reported in Table 2 , a 20% increment in VFA concentration was detected for the sludge pretreated using microwaves which equals in biogas production to raw sludge and ultrasonically pretreated sludge (no difference in VFA concentration between them was observed).
Initial biogas production rate was estimated from the slope of the straight line fitting the first 10 days of process in the production vs time curves. No significant differences were found between untreated and treated secondary sludge for any of the treatments applied.
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It is important to point out that time and temperature established as best conditions for low temperature thermal treatment would ensure sludge hygienisation that will be mandatory according to European future legislation to allow its utilization in agriculture or soil benefit [25] .
However in addition to the results obtained in terms of biogas production and sludge solubilization an economic evaluation should be performed taking into consideration all the factors implied in full scale operation (thermal inertia, maintenance of the digester temperature, possible uses of the residual heat, etc.) before the implementation of a sludge pre-treatment process. Biogas production and biogas production rate determined under thermophilic batch conditions seem not to be affected by sludge pretreatment at high temperature, with microwaves or ultrasound. Thus, an increment in organic matter solubilization 21 reflected by an increment in the ratio FVS/TVS cannot be directly related to an enhancement of the anaerobic digestion of secondary sludge in terms of biogas production in batch mode.
CONCLUSIONS
On the other hand, low temperature (70ºC) thermal pretreatment influences positively the production of biogas under thermophilic conditions. This type of treatment seems to enhance the biological activity of some thermophilic bacteria being considered as a biological pretreatment (predigestion step).
An accurate economic study should be performed to balance all the possible benefits and drawbacks of sludge pre-treatment. 
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